A new low-profile planar Eleven antenna is designed for optimal MIMO performance as a wideband MIMO antenna for micro base-stations in future wireless communication systems. The design objective has been to optimize both the reflection coefficient at the input port of the antenna and the 1-bitstream and 2-bitstream MIMO efficiency of the antenna at the same time, in both the Rich Isotropic MultiPath (RIMP) and Random Line-of-Sight (Random-LOS) environments. The planar Eleven antenna can be operated in 2-, 4-, and 8-port modes with slight modifications. The optimization is performed using genetic algorithms. The effects of polarization deficiencies and antenna total embedded efficiency on the MIMO performance of the antenna are further studied. A prototype of the antenna has been fabricated and the design has been verified by measurements against the simulations.
throughput and Probability of Detection (PoD), instead of the static antenna characteristics such as radiation pattern, directivity and gain. In these cases, channels are emulated and links are established in an Over-The-Air (OTA) setup, so the statistical system level performance of the wireless system can be evaluated.
The systematic characterization approach is proposed in [8] for OTA measurement evaluation of wireless devices. In this approach two extreme reference environments (namely edge environments) are studied. The first edge environment is the Rich Isotropic MultiPath (RIMP) environment where multiple propagation paths are present between the two ends of the wireless link and the channel undergoes Rayleigh fading. At the receiving side, multipath environment can be emulated by several incoming waves with uncorrelated amplitudes, phases, polarizations and angles of arrival (AoA) [9] . The rich isotropic multipath environment is the hypothetical extreme multipath environment defined as a reference, for the convenience of measurement. Isotropic refers to uniform distribution of AoA of the incoming waves within 4π solid angle, while the term Rich means the number of incoming waves is large, typically more than 100 [8] . When the intended coverage of the antenna is limited (such as wall or ceiling mounted antennas with half-sphere coverage), Rich MultiPath (RMP) is a more accurate term to use. We herein use RIMP as a general term covering both isotropic and coverage-limited cases. The RIMP environment is usually emulated in a reverberation chamber (RC) which is fitted with reflectors and mode stirrers to generate the rich environment.
The second edge environment is the Line-Of-Sight environment (LOS), where reflections and diffraction in the environment are small. On the other hand, and the direct path between the transmitter and the receiver is unobstructed and there is one dominant path between the two ends of the link. Anechoic chambers (AC), with absorbers fitted on the walls, are traditionally used for emulation of the LOS environment. Anechoic chambers are mainly used for antennas with directive beams, which are intended for fixed installations. However, in mobile communications, the situation is not static due to the randomness in the orientation in which the wireless terminal is held by the users. To distinguish this situation from the traditional LOS where the antennas on the two sides are fixed, we call this environment Random-LOS. When the distance between the base station and the user is short (the case for micro base-station) or when the operating frequency arXiv:1804.05971v1 [eess.SP] 16 Apr 2018 is high at millimeter waves, the Random-LOS scenario will be more relevant than the RIMP and fixed LOS scenarios.
The real-life propagation environment is a combination of both RIMP and Random-LOS. The edge environments and the real-life scenario are related through a hypothesis stating: If a wireless device works well in both RIMP and Random-LOS, it will also work well in real-life environment [8] .
In the current paper, we propose a new low-profile planar MIMO Eleven antenna as shown in Fig. 1 , including two branches located in two separate planes corresponding to two different polarizations orthogonal to each other, for the applications in future wireless communication systems. We characterize the performance of the antenna in both RIMP and Random-LOS environments. However, when it comes to small cell sizes and low powers, multipath fading decreases and Random-LOS will play a larger role. Hence, our focus is on the Random-LOS scenario. The planar Eleven MIMO antenna has a simple geometry and therefore a low manufacturing cost. The design criteria is to optimize both the reflection coefficient and the 1-bitstream and 2-bitstream MIMO efficiency.
In order to analyze the system performance in the edge environments, we use ViRM-lab, a computer program investigating performance of wireless terminals in multipath and LOS with arbitrary incident waves [10] .
A prototype of the antenna has been fabricated and the design has been verified by measurements against the simulations. Simulated and measured results are presented in the paper.
II. THEORY AND FIGURE OF MERIT A. Digital Threshold Receiver Model
The Probability of Detection (PoD) is the probability that a bitstream is received at the receiver with no errors. It can be described as the normalized throughput of the system. In this paper we employ the Ideal Digital Threshold Receiver (IDTR) Model [11] in order to obtain the PoD from the probability distribution of the received power. This model was originally introduced to model the throughput of digital communication systems in the RIMP environment. However, it can easily be extended to Random-LOS environment, as well. The IDTR model which relates probability distribution of the received signal power to the PoD, is based on the simple fact that in modern digital communication systems, the bit error rate in a stationary additive white Gaussian Noise (AWGN) channel, changes abruptly from 100% to 0% at a certain threshold signal-to-noise ratio (SNR), due to the use of advanced error correction schemes. The threshold level is determined by the receiver and the performance of the wireless system.
According to the IDTR model, the PoD is determined by [11] :
where PoD is the probability of detection function, TPUT is the average throughput, TPUT max is the maximum possible throughput (depending on the system specifications), CDF is the Cumulative Distribuion Function (CDF) of the received fading power (P rec ), P th is the receiver's threshold level and P is a reference value which is proportional to the transmitted power and defined according to the environment.
To illustrate the IDTR model with an example, let's assume the example of an isotropic antenna in rich multipath environment (i.i.d. case). The CDF of the received power, which is of a Reyleigh distribution, is plotted in Fig. 2(a) , where the reference power P is chosen as the average received power (P = P av ). This CDF plot shows that, e.g., in 9% of the states, the received power is at least 10 dB below the reference level P av . This means that for the remaining 91% of the states, the received power is not more than 10 dB below the reference level. This means that if the threshold level P th is 10 dB below the the reference level, there is 91% probability that the received power is above the threshold level which means no bit error, so the PoD is 91% in this case. The PoD of the i.i.d. case with the above-mentioned assumptions is plotted in Fig. 2 (b), which shows that in order to maintain an error-free link for 91% of the time, the average received power needs to be at least 10 dB above the threshold level, i.e., 10 dBt.
B. MIMO efficiency
The power required to maintain 95% PoD level is often used as a metric for the performance of digital communication systems [12] , [13] . This metric represents the power that is required at the transmitter side so that the receiver can detect 95% of the data packets, for a fixed coding and modulation scheme. MIMO efficiency is defined by the degradation of P/P th at 95% PoD compared to an ideal receiver antenna. The reference antenna is chosen depending on the intended coverage of the antenna and the considered environment, i.e., RIMP or Random-LOS. MIMO efficiency can be expressed as:
where PoD −1 is the functional inverse of PoD, and PoD 0 represents the PoD of the reference antenna. The reference power level P in (1) should be the same for both the reference antenna and the antenna under study, but its actual value does not affect the MIMO efficiency. We will study the performance of the planar Eleven antenna in both 1-bitstream and 2-bitstream scenarios, and evaluate the MIMO efficiency in both cases. As implied by the names, in the 1-bitstream system, one data stream is transmitted between the two ends of the link, while in the 2-bitstream system two independent data streams are carried in the link. Since most wireless terminals are limited to two antenna ports, we limit this work up to the 2-bitstream case. However at the base station side, where the planar Eleven antenna is located, 2, 4, and 8 antenna ports can be available depending on the configuration. Maximal-Ratio Combining (MRC) and Zero-Forcing (ZF) algorithms are used to combine the multiple antenna ports for 1-bitstream and 2-bitstream cases, respectively.
For a 1-bitstream system, the efficiency corresponds in reality to a SIMO efficiency. However, in the current paper we use MIMO efficiency as a general term covering both SIMO and MIMO scenarios.
C. Reference Antenna
As mentioned earlier, the choice of the reference antenna depends on the environment. For Random-LOS, the reference is chosen as an isotropic lossless antenna, which is polarizationmatched to any random polarization of the incoming wave. This hypothetical reference is an antenna which provides constant output power, regardless of the AoA and polarization of the incoming wave. Similarly in the RIMP case, the reference is chosen as an isotropic lossless antenna in a rich multipath environment. Therefore, the output power at the port of this reference antenna, follows a Rayleigh distribution.
If the intended coverage of the antenna is not the whole sphere, instead of an isotropic antenna, the reference antenna is chosen such that its radiation pattern is uniform in the whole intended coverage and is zero out of the intended coverage. In the case of limited coverage, the amplitude of the reference antenna is adjusted proportional to the solid angle of the intended coverage, so that the total radiated power is the same as the isotropic antenna. The intended coverage area of the current planar Eleven antenna is 120 • in both azimuth an elevation planes. This coverage area is the same for both RIMP and Random-LOS cases. The coverage area can be described in spherical coordinate system as:
III. MODELING AND OPTIMIZATION

A. Layout
In order to lower the manufacture cost, we use the flat configuration of the Eleven antenna as shown in Fig. 1 . In this work, we design the prototype for a two-port dualpolarized MIMO antenna with a simple feeding structure at the center. Therefore, the antenna is composed of two orthogonal radiation panels, one at the upper layer and the other at lower layer with a separation of 3 mm. In fact, if four-port or eight-port antennas should be used, the two-layer structure can become one layer with even much lower manufacture cost and simpler feeding structure at the center. The foldeddipole pairs are in geometric progression in dimensions with a scaling factor k from the most inner pairs to the most outer ones and cascaded one after another. The radiation arms at two sides of a panel are connected at the center with an edge-coupled microstrip line (twin lines above ground plane) which is excited differentially through two coaxial cables. The antenna is defined by 9 geometric parameters for each panel, with the definition shown in Fig. 4 and listed in Table I along with their corresponding optimal values.
The antenna is designed via optimization to produce maximum MIMO efficiency according to (2) for both Random-LOS and RIMP and low reflection coefficient (S 11 ) over the frequency band from 1.6 to 2.8 GHz. In order to have wideband performance, the number of the cascaded foldeddipole pairs should be large, which consequently increases the size of the antenna. It is observed that 8 folded-dipole pairs are enough to achieve the bandwidth requirement. Then, all geometric parameters, according to Table I , have gone through optimization of PoD and S 11 to be determined.
To find the initial values of the geometric parameters for the optimization, we tune all parameters one by one while keeping others fixed. The function of every parameter i.e. how it will affect the S 11 and PoD, can be observed through this process. Then, the initial values and the parameter scanning range have been determined. 
B. Optimization
Genetic Algorithm [14] is used for optimization process. The geometric parameters influence the performance of both S 11 and PoD, and thus are treated as genes. Each generation consists of 400 samples. Initial population is randomly generated with a uniform distribution within the range which was previously obtained through parameter sweep process.
The population is ranked according to the value of their maximum S 11 over the frequency band. The PoD of all the samples is also evaluated via ViRM-Lab through the simulated far-field function. Fifteen samples of the four hundred with the lowest maximum S 11 and acceptable PoD are selected as elites and given the chance to mate each other pairwise. Each pair will generate 2 children. Then, the roulette wheel selection rule is used to pick fifteen more samples in the remaining 385 samples to generate offsprings in the same way as the elites. The optimization converges after only 3 generations.
The total size of the antenna is 337 × 337 × 37mm 3 (see Fig. 1 and details in Fig. 3 ). Fig. 5 shows the fabricated prototype of the optimized planar Eleven antenna. The prototype is made for 4-port dual polarization. By using a wideband hybrid junction as a balun, the prototype is operated in the 2-port mode, and all measurements were done for this 2-port antenna. The configuration of this antenna makes it very flexible to also have 8 ports with minor modification of the feeding structure.
IV. SIMULATION AND MEASUREMENT RESULTS
We present also the simulation results of this Eleven MIMO antenna with 4 ports and 8 ports. Fig. 6 shows the simulated and measured reflection coefficient of the 2-port dual polar antenna. Both the simulation model and the prototype of the 2-port antenna require a balun for feeding the antenna. The 2-port antenna mode is simulated by using ideal differential feeding in CST. For the prototype a wideband hybrid junction is used as the balun. Due to this reason, the actual simulated and measured reflection coefficients of the 2-port mode have a certain difference. The reflection coefficient is not included in the MIMO efficiency calculations. However, we need to keep in mind that in general poor matching will degrade the MIMO performance.
A. Dual-Polarized 2-port MIMO Antenna
Assuming the high branch along x-axis and the low branch along y-axis, the simulated and measured radiation patterns in φ = 0 and φ = 90 • planes are plotted in Fig. 7 , for the beginning, center and the end of the frequency band. We can observe that there is a good agreement between simulations and measurements. The far-field functions (both amplitude and phase) of the antenna for the two orthogonal polarizations have been measured for the angle steps of ∆θ = 5 • and ∆φ = The MIMO efficiency of the 2-port antenna for both 1bitstream 2 × 1 and 2-bitstream 2 × 2 systems based on the simulated and the measured far-field functions is plotted in Fig. 8 and Fig. 9 for Random-LOS and RIMP, respectively. These figures show good agreement between the simulation and measurement results. Furthermore we can observe that the MIMO efficiency has relatively little variation over the frequency bandwidth.
The Random-LOS MIMO efficiency is low at lower frequencies as observed in Fig. 8 . In order to gain better insight into the reason for this low efficiency, we should look at the spatial distribution of MIMO efficiency in MIMO coverage plots. MIMO efficiency defined by (2) can be calculated for individual AoAs, where only the polarization is random. This is specially useful when dealing with 2-bitstream systems in Random-LOS. The reference antenna's coverage area is still the same as before. Therefore, at some AoAs the ratio in (2) can be larger than 1. The coverage plots of the planar Eleven antenna for 2-bitstream are shown in Fig. 10 at three frequencies. It can be observed that at lower frequencies, the efficiency is very low at some directions. Whereas it is more homogeneous at higher frequencies. Comparing this to the plots in Fig. 8 
2-bitstream MIMO efficiency at lower frequencies.
Dual-polarized antennas provide orthogonal and equalamplitude far-field patterns only in limited directions. It is well known that with orthogonal and amplitude balanced antenna ports, it is possible to combine the channels on the ports of a dual-polarized antenna in such a way that the polarization mismatch can be completely compensated between the receiver and transmitter ends of the link [9, Sec. 3.10] . But, the presence of polarization deficiencies between the two ports of the antenna, impairs this capability and leads to degradation in MIMO efficiency.
Assuming that the far-field functions of the two receiving antenna ports are defined as G 1 (θ, φ) and G 2 (θ, φ) at any direction (θ, φ) in space, two types of polarization deficiency, namely amplitude imbalance (I a ) and polarization non-orthogonality (I p ) are defined in [15] as:
Both I a and I p are zero when the antenna ports are ideally orthogonal and amplitude-balanced, and they increase with the presence of polarization deficiencies. The spatial distribution of I a and I p of the 2-port planar Eleven antenna is illustrated in Fig. 11 at different frequencies. Comparison of these plots with Fig. 10 , clearly shows how the presence of the polarization deficiencies affect the spatial distribution of the MIMO coverage. In the presence of high polarization deficiency, more power is required at the transmitter side in order to acheive 95% PoD, which means reduced efficiency.
B. Dual-Polarized 4-port and 8-port MIMO Antenna
As mentioned earlier, in addition to the 2-port mode, the planar Eleven antenna can be operated in 4-port and 8-port modes. In principle, more antenna ports can improve the MIMO efficiency by providing more diversity. Of course, this improvement is dependent on the correlation between the antenna ports, mutual coupling and embedded antenna efficiency.
1-and 2-bitstream MIMO efficiency of the 4-port antenna in Random-LOS environment are plotted in Fig. 12 to Fig. 8 , it is evident that the MIMO efficiency improves by employing the antenna in 4-port mode of operation. Here, the total embedded antenna efficiency, including the reflection coefficient at the antenna ports is used to determine the MIMO efficiency. The total embedded efficiencies of ports on low and high branches, are plotted in Fig. 13 for further reference.
1-and 2-bitstream MIMO efficiency of the 8-port antenna in Random-LOS environment are plotted in Fig. 14. Compared to Fig. 8 , it can be observed that the MIMO efficiency is generally degraded over the bandwidth of operation. This degradation is largely due to low total embedded efficiencies of the antenna ports. The total embedded efficiencies of ports on low and high branches in 8-port mode, are plotted in Fig. 15 which clearly illustrates the effect of the antenna total embedded efficiency on the MIMO efficiency. The total embedded efficiency and MIMO efficiency of the 8-port antenna can be improved by addition of a proper matching circuit.
In comparison of the different operation modes of the antenna, we can conclude that the antenna performs best in the 4-port mode. Also in the 2-port mode, the performance of the antenna is acceptable. But using the present planar Eleven antenna in 8-port mode is not recommended.
V. CONCLUSION
A novel planar type Eleven Antenna is designed for micro base-station working in 1.6 GHz to 2.8 GHz frequency band. The flat structure of the antenna makes the manufacturing process simple and the low-profile makes it a suitable candidate for wall-mounted applications. The antenna can be operated in 2-, 4-, and 8-port modes, with small modifications. For micro base-stations, Random-LOS is more pronounced compared to RIMP, due to use of lower power and smaller cell size. The performance of the antenna is evaluated in Random-LOS and RIMP environments for an intended coverage of 120 • in both elevation and azimuth planes. The MIMO efficiency of the antenna has small variation over the frequency band. The spatial MIMO coverage of the antenna and the effect of polarization deficiencies are studied in the 2-port mode of operation. The 4-port mode provides higher MIMO efficiency due to increased diversity. However, the 8-port mode's MIMO efficiency is severely impaired due to sub-optimal matching and embedded antenna efficiency.
